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ABSTRACT
Wepresent images of ηCarinae in the recombination linesH30α andHe30α and the underlying
continuum with 50 mas resolution (110 AU), obtained with ALMA. For the first time, the 230
GHz continuum image is resolved into a compact core, coincident with the binary system
position, and a weaker extended structure to the NW of the compact source. Iso-velocity
images of the H30α recombination line show at least 16 unresolved sources with velocities
between -30 and -65 km s−1 distributed within the continuum source. A NLTE model, with
density and temperature of the order 107 cm−3 and 104 K, reproduce both the observed H30α
line profiles and their underlying continuum flux densities. Three of these sources are identified
with Weigelt blobs D, C and B; estimating their proper motions, we derive ejection times (in
years) of 1952.6, 1957.1, and 1967.6, respectively, all of which are close to periastron passage.
Weaker H30α line emission is detected at higher positive and negative velocities, extending in
the direction of the Homunculus axis. The He30α recombination line is also detected with the
same velocity of the narrow H30α line. Finally, the close resemblance of the H30α image with
that of an emission line that was reported in the literature as HCO+(4-3) led us to identify this
line as H40δ instead, an identification that is further supported by modeling results. Future
observations will enable to determine the proper motions of all the compact sources discovered
in the new high-angular resolution data of η Carinae.
Key words: circumstellar matter: masers – stars: individual (Eta Carinae) – stars: mass loss
– stars: winds, outflows
1 INTRODUCTION
The massive (M >∼ 120 M) and highly eccentric (e ∼ 0.9) binary
system formed by η Carinae (hereafter η Car) and its unknown com-
panion (Damineli 1996; Davidson & Humphreys 1997; Corcoran
et al. 2001; Falceta-Gonçalves, Jatenco-Pereira & Abraham 2005)
attracted the astronomers’ attention after the ejection of a large
amount of matter (>∼ 12 M) in a dramatic eruption that started
around 1840 and formed what it is now known as the Homuncu-
lus Nebula, which expands with a velocity of about 650 km s−1
(Gaviola 1950; Smith et al. 2003a). This event characterized η Car
as a probable Luminous Blue Variable (LBV) star: its brightness
increased abruptly by about four magnitudes and decreased steadily
? E-mail: zulema.abraham@iag.usp.br
by nine magnitudes in 20 years, as dust formed and absorbed the
visible light, re-emitting it in the infrared (Humphreys, Davidson &
Smith 1999).
Another smaller eruption occurred in 1887, also character-
ized by a sudden increase in brightness that lasted for seven years
(Humphreys et al. 1999), forming the Little Homunculus, detected
inside the Homunculus at a distance of about 2 arcsec from the
binary system, and expanding with a velocity of about 200 km s−1
(Ishibashi et al. 2003).
A third, small and sudden increase in luminosity was observed
around 1940, but instead of returning to its previous value, the lumi-
nosity continued to slowly increase (Humphreys et al. 1999). This
event coincided with the first detection of the spectroscopic events
(Gaviola 1953), in which high excitation lines disappear from the
spectrum for a short time during each binary orbit. Observations of η
© 2020 The Authors
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Car obtained with the Atacama Large Millimeter Array (ALMA) in
the continuum and various recombination lines led to the discovery
of an unresolved cloud of high density ionized gas, whose dynamics
correspond to matter ejected during the 1941 event and was there-
fore named "Baby Homunculus" (Abraham, Falceta-Gonçalves &
Beaklini 2014, hereafter Paper I).
Besides those isolated episodes of mass ejection, η Car loses
mass continuously through a massive wind, with a mass loss rate
ÛM ∼ 10−3 M yr−1 and a velocity v ∼ 500 km s−1 (Groh et al.
2012). The companion star, although undetected,must also be losing
mass through a less massive but faster wind ( ÛM ∼ 10−5 M yr−1,
v ∼ 3000 km s−1), in order to explain the observed X-ray emission
arising from hot shocked material in the wind-wind collision zone
(Corcoran et al. 2001).
The combination and superposition of all these processes com-
plicate the interpretation of the images and spectra of η Car and its
surroundings, in addition to the variability with orbital phase and
along the binary cycles.
Observations at UV and optical wavelengths show a series of
broad emission lines, sometimes with P Cygni absorption profiles
(Gull et al. 2005; Nielsen, Gull & Kober 2005; Gull, Kober &
Nielsen 2006; Martin et al. 2010), as well as narrow emission lines,
some of them from high excitation states (Davidson et al. 1997;
Morse et al. 1998; Gull et al. 2009; Mehner et al. 2010; Gull et al.
2016). Those include the so-called Weigelt blobs, which are dense
condensation of matter (ne ∼ 107cm−3,Te ∼ 104 K), discovered in
1986 at distances of 0.′′1 − 0.′′3 from the binary system (Weigelt &
Ebersberger 1986) that are moving away with velocities of several
mas yr−1 (Hofmann & Weigelt 1988; Davidson et al. 1997; Smith
et al. 2004; Dorland, Currie & Hajian 2004).
Infrared images reveal a complex dust distribution around η
Car, implying that some of the UV and optical structures could be
the result of selective absorption (Morris et al. 1999; Hony et al.
2001; Chesneau et al. 2005; Artigau, Martin & Humphreys 2011;
Morris et al. 2017)
The properties of the individual stars in the binary system are
only inferred from indirect observations. The mass of η Car, accord-
ing to the Eddington limit, should be larger than 120 M . Its mass
loss rate is very large and its photosphere cannot be observed di-
rectly, but a possible range of effective temperatures was calculated
fitting its spectra to models obtained from a non LTE-line blanketed
code (Hillier et al. 2001, 2006). Using the observed present bolo-
metric luminosity of 5 × 106 L , inferred from the total emission
of the Homunculus Nebula at a distance of 2.3 kpc, and the mass
loss rate and terminal velocity mentioned before, they found an ef-
fective temperature Teff ∼ 30, 000 K, which gives a stellar radius of
R ∼ 60 R and a rate of ionizing photons provided by the star of
Q ∼ 2 × 1050 ph s−1.
The spectra of the companion star is not detected, but its effec-
tive temperature was estimated from the number of ionizing pho-
tons with energies larger than 40 eV, necessary to account for the
observed high ionization lines in theWeigelt blobs. Fitting radiative
transfer models to the high ionization spectra of the blobs Verner,
Bruhweiler & Gull (2005) and Mehner et al. (2010) showed that
their electron densities should be ∼ 106 − 107 cm−3 and the rate of
Lyman ionizing photons from the secondary star Q ∼ 1049 ph s−1,
corresponding to effective temperatures of ∼ 37, 000 − 40, 000 K.
Depending on the evolutionary state (main sequence, supergiant or
Wolf-Rayet), the mass of the companion star should be ∼ 30 − 40
M .
Numerical simulations of the wind-wind collision in a region
centered on η Car and extending up to 100 times the semi-major
axis of the binary orbit show a series of dense (ne ∼ 107 cm−3)
arc-like features formed by both the colliding winds and the winds
ejected in the previous cycles (Parkin, et al. 2011; Clementel et al.
2014; Russell et al. 2016) that are in good agreement with observed
optical images (Gull et al. 2016).
Radio frequencies are powerful tools for studying the matter
distribution in the surroundings of η Car, since they are not absorbed
by dust. Continuum and recombination line H91α and H106α im-
ages with arcsec resolution were obtained since 1992 with the Aus-
tralian Compact Array (ATCA) at 3 and 6 cm, revealing a compact
source, coincident with the central star and extended emission dis-
tributed around it with structures that changed with orbital phase
(White et al. 1994; Duncan et al. 1995; Duncan, White & Lim
1997; Duncan &White 2003). A non-resolved component centered
at the star position was observed in the continuum and recombina-
tion lines during periastron passage, which evolved at apastron into
an elongate 4′′ long ridge in the NE-SW direction, with a central
velocity close to the star velocity and half power width (HPW) of
500 km s−1. In addition, a compact component in the NW direction
at a distance of 1.′′2 from the star was reported, with a velocity of
-286 km −1 and HPW of 250 km s−1, and is related to the Little
Homunculus (Smith 2005; Teodoro et al. 2008).
Single dish continuum observations at 1.3 and 2.9 mm with
30′′ and 50′′ resolution, respectively, showed a compact, non-
resolved source, with orbital phase dependent flux density that in-
creased with frequency (Cox et al. 1995a). H40α, H30α and H29α
recombination lines were also observed, presenting strong and nar-
row profiles, with velocities centered at -50 km s−1, revealing the
existence of ionized gas in NLTE, with electron density of about
107 cm−3 (Cox et al. 1995b).
The surroundings of η Car were further observed using ALMA
inCO andHCN emission lines revealing a cool, disrupted equatorial
torus located 4000 AU (corresponding to 1.′′8) from the star (Smith,
Ginsburg & Bally 2018). Bordiu & Rizzo (2019) also reported an
extended structure northwest of η Car seen in the continuum and in
only one emission line, that they identified with HCO+(4-3).
Previous continuum observations of the central region of η
Car with ALMA were done in Cycle 0, with frequencies and res-
olutions ranging from 100 − 700 GHz and 3′′ − 0.′′4, respectively,
and revealed a spectrum characteristic of compact H ii regions, with
a turnover frequency around 300 GHz (Paper I). Strong narrow hy-
drogen recombination lines (H42α, H40α, H30α, H28α andH21α),
with central velocities of ∼ −55 km s−1 and HPW of ∼ 40 km s−1
were also detected, showing departure from LTE condition. Neither
the continuum nor the recombination line images were resolved in
these observations, even at the highest frequencies.
In this paper, we present new ALMA observations with an or-
der ofmagnitude higher resolution (0.′′065×0.′′043) than in previous
observations, obtained in the continuum and in the recombination
lines of H30α and He30α. The new data reveal 16 individual un-
resolved components with different velocities, three of which are
identified with Weigelt blobs B, C an D. The paper is organised as
follows: in Section 2, we describe the observations; in Section 3, we
present the results; in Section 4, we discuss and analyze the main
results; and, in Section 5,we outline the conclusions of this study.
In the paper, we assume that η Car1 is at a distance of 2300
pc (Davidson et al. 1997), so that 0.1 arcsec corresponds to 224
AU. Over the 5.54 year orbital period, 100 km s−1 corresponds to
1 The ICRS coordinates ofη Car are:α(J2000) = 10:45:3.5362, δ(J2000) =
-59:41:4.0534
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a spatial motion of 110 AU or 50 mas on the plane of the sky. All
the velocities are referred to the Local Standard of Rest (LSR); in
the direction of η Car, the difference between LSR and heliocentric
velocity is −11.6 km s−1; in the LSR, the velocity of η Car is −19.7
km s−1 (Smith et al. 2004).
2 OBSERVATIONS
The observations were performed in November 20, 2017 with
ALMA band 6 receivers, using 43 antennas of the 12 m array,
as part of Cycle 5 program 2017.1.00725.S. The closest baseline
was 97.1 m, constraining the maximum recovery scale to 0.′′8, while
the largest baseline was 8457.6 m, resulting in an angular resolution
of 50 mas. The total observation time was 30 minutes, of which 13
minutes were on the source. The data is divided into 4 spectral win-
dows, the main one centered at the frequency of the H30α recombi-
nation line (231.900 GHz) and the others, focused on the continuum
emission, centered at 230.519, 218.018, and 215.518 GHz. The line
spectral window has 1.875 GHz bandwidth, with channel width res-
olution of 976 kHz, producing a datacube of 1920 channels. The
continuum bands have a bandwidth of 2 GHz divided into 128 chan-
nels. The pointing, focusing, amplitude, and flux calibration were
performed through observations of the quasar J0904-5735, while
quasar J1032-5917 was the phase calibrator. Data were processed
using the CASA 5.4.0 version.
The continuum imagewas obtained using the continuum bands
plus the channels of the main spectral window where the line is not
present. The spectral cube was obtained for the spectral window of
the recombination line after continuum subtraction. The convolution
method used the Hogbom algorithm with Briggs weighting. The
synthesized beam has a major axis of 65 mas and minor axis of
43 mas for both continuum and emission line images, and for both
cases, the images have a cell size of 0.1 mas and a total size of
2048× 2048 pixels. In velocity, the cube range goes from −1187 to
1235 km s−1, with a velocity resolution of 1.262 km s−1.
3 RESULTS
3.1 Continuum emission
Figure 1 presents the 230 GHz continuum image of the 0.′′8 × 0.′′8
(1800 AU) central region of η Car. It shows a strong compact com-
ponent, coincident in position with the binary system, and emission
extending north-west of the compact source.
The integrated 230 GHz continuum flux density of the ob-
served region is 28.3 ± 0.1 Jy. The compact source HPW is
0.′′13 × 0.′′11, in the directions of the major and minor axis of
the beam ellipse. Its flux density is 4.5 ± 0.1 Jy and although its
size is larger than the half power beam width (HPBW), no structure
is observed. The extended emission covers about 0.′′6 and appears
structured with regions of enhanced emission.
Previous ALMA continuum imaging results at 346 GHz, pub-
lished by Bordiu &Rizzo (2019), already showed a similar structure
with a point-like source and an extended emission in the north-west
direction (which they labeled "Peanut"), although these data were
taken at a lower angular resolution (0.′′17 × 0.′′13) and signal-to-
noise ratio.
Comparison of the integrated continuum emission with pre-
vious observations must take into account orbital phase and cycle.
Considering the binary period of 2024 days and the date 2014 July
1 (MJD 56850) as phase 13.0 (Damineli et al. 2019; Corcoran et
 
  
Figure 1. 230 GHz continuum image (raster and contours) of η Car. Con-
tours are 0.1, 0.17, 0.22, 0.27, 0.36, 0.5, 0.6, 0.8 and 1.0 Jy beam−1. The
scale of the continuum flux is displayed on the right axis of the panel. The
65×43 mas synthesized beam (angle 24.◦5) is shown in white at the bottom.
al. 2017), our ALMA Cycle 5 observations in 2017 Nov 20 cor-
responded to phase 13.61 and those of ALMA Cycle 0 (Paper I),
obtained in 2012Nov 4, to phase 12.70. Taking into account the high
eccentricity of the binary orbit (∼ 0.9), these two phases correspond
to similar orbital positions of the companion star, separated from
apastron by 3◦ and 5◦, respectively. Therefore, both observations
can be directly compared regarding the relative orbital position; the
total continuum flux density in the present observation is 32% lower
than that detected in 2012, when the source was not resolved by the
ALMA 1.′′52 × 0.′′75 beam.
While variability between continuum emission at different bi-
nary cycles can be expected, the lower flux density obtained in the
present observations can be due to the existence of emission out-
side the maximum recovery scale of the ALMA configuration. This
seemed to be also the case with the ALMA 346 GHz continuum
observations obtained by Bordiu & Rizzo (2019) in 2016 October
24. The orbital phase at that time was 13.41 and the secondary or-
bital position 13◦ before apastron. The integrated flux density of the
image was 30.5± 1.2 Jy, but the value raised to 38.9 Jy, compatible
with the flux densities measured in 2012 and reported in Paper I,
when a larger area was included in the integration.
Figure 2 (center and bottom right images) shows the position
of the 230 GHz continuum source relative to the HST Wide Field
Planetary Camera image, obtained with the filter F336W, centered
at the wavelength of 3342 Å (Morse et al. 1998). The position of
several features described in the literature are indicated in the central
image: the "fan" (Morse et al. 1998), the equatorial "skirt" (Smith,
Gehrz & Krautter 1998), the "purple haze" (Smith et al. 2004), and
the molecular torus (Smith et al. 2018; Bordiu & Rizzo 2019). The
bottom image shows that the continuum radio source is located in
the central part of the compact ultraviolet continuum source. The
upper left part of Figure 2, which will be discussed in Section 4.4,
presents the superposition of the 230 GHz contours on the NB_405
narrow filter image, which includes the Brα line, obtained with the
VLT Adaptive Optics system NACO (Chesneau et al. 2005) . The
position of the "Butterfly Nebula" is also indicate in this Figure.
MNRAS 000, 1–21 (2020)
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Figure 2. Central image: HST Wide Field Planetary Camera image of the Homunculus in the F336W filter (Morse et al. 1998); the red rectangle delimits
the size and position of the images in the lower right corner; the main features of the nebula are identified. Bottom right image: 230 GHz continuum contours
superimposed to the HST image; the black cross represents the position of η Car and the black broken line shows the direction of the position-velocity PV
diagram presented in Figure 3. Upper left image: 230 GHz continuum contours superimposed to the NB_405 narrow filter image, which includes the Brα line,
obtained with the VLT Adaptive Optics system NACO (Chesneau et al. 2005)
3.2 The H30α spectrum
Figure 3 (top panel left) shows the H30α spectrum, centered at
the line LSR frequency with velocity resolution of 1.262 km s−1,
integrated over the whole continuum emitting region. The central
velocity of the narrow line is −57.8 km s−1, its maximum flux
density 60.4 ± 0.1 Jy and HPW 45 km s−1. The central velocity
is similar to that observed in 2012 (Paper I), but the flux density
is lower by 25% and the line width larger by the same amount.
The weak emission extends over several hundred km s−1, both at
positive and negative velocities.
A weak line with 3.9±0.1 Jy maximum flux density and −176
km s−1 central velocity is identified with the He30α line, separated
from H30α by ∆ν/ν = 0.000407 or −122 km s−1. Considering this
frequency displacement, the actual velocity of the He atoms is −54
km s−1, similar to the velocity of the strong H30α line.
Figure 3 (top panel right) presents the spectrum of the compact
region, centered on η Car and integrated over an area of 0.′′09
radius. The narrow line, with maximum flux density of 2.64 ± 0.01
Jy is also centered at −57.8 km s−1, blended with an even weaker
line, centered at ∼ −100 km s−1; the He30α line is also present
in the spectrum, as well as extended emission at larger negative
and positive velocities. It is not clear if the narrow line belongs to
the compact source or if it only represents the contribution of the
superimposed extended NW region.
Figure 3 (bottom) displays the position velocity (PV) diagram
of the region, collapsed along a line in the direction of the Ho-
munculus axis (42◦), with a width of 10 mas, which includes the
position of the compact continuum source. The position of theH30α
MNRAS 000, 1–21 (2020)
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Figure 3. Top left: spectrum of the H30α line, integrated over the whole continuum emitting region. Top right: spectrum integrated over a circle of 0.′′09 radius,
centered on the continuum compact source. Bottom: PV diagram of the region, collapsed along the line shown in the bottom right image of Figure 2, in the
direction of the Homunculus axis (42◦), with a width of 10 mas, which includes the position of the compact continuum source, shown as a vertical broken line.
The horizontal dotted line at −19.7 km s−1 represents the LSR velocity of η Car.
Contours are: 0.03, 0.06 (white), 0.12, 0.22, 0.4 and 0.7 (black) of 1.403 Jy beam−1
and He30α lines are clearly visible in the NW direction, as well as
the high positive and negative velocity features at both sides of the
compact continuum source position.
The LSR velocity of η Car, shown as a dotted horizontal line in
Fig. 3, was estimated by Smith (2004) as −19.6 km s−1 based on the
velocity of the H2 lines in the walls of the expanding Homunculus.
This velocity coincideswith the−16.1±8.6 km s−1 mean velocity of
the massive stars in the Tr16 cluster, which includes η Car (Kiminki
& Smith 2018). Similar velocities (-15 to -20 km s−1) are found in
the CO(1 − 0) lines of the Carina Molecular Complex, where Tr16
is located (Rebolledo et al. 2016).
The very good quality of our data enables us tomake images for
each velocity channel. We separated therefore the H30α emission in
narrow line, high negative and positive velocities, the −100 km s−1
line, and extracted images for the He30α emission line. We discuss
the results in the next subsections.
3.3 The strong narrow H30α line
Figure 4 shows the iso-velocity intensity maps of channels with
width of 1.262 km s−1, showing the H30α narrow emission line,
superimposed on the 230 GHz continuum emission image. The
channels are separated in intervals of about 5 km s−1, between -82
and -26 km s−1. The line emission at different velocities originates
in different regions of the continuum image and the compact source,
coincident with η Car, does not contribute to the line emission at
these velocities.
Contourmaps of the flux density, integrated over the line profile
between −25 and −116 km s−1 (zero momentum), are presented in
Figure 5 (top), superimposed on the the velocity weighted by flux
density (first momentum) raster image. The regions of continuum
and line enhancement coincide and a velocity gradient in the north-
west direction is clearly seen.
The image of the H30α line at the velocity of maximum emis-
sion (−54.6 km s−1) is comparable to that of the [Fe iii] line at
MNRAS 000, 1–21 (2020)
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Figure 4. Velocity-integrated intensity maps of channels with width of 1.262 km s−1, showing the H30α narrow emission line. The channels are separated in
intervals of about 5 km s−1, between -82 and -26 km s−1. All the maps have the same intensity scale (shown on the right axis of the middle panel). The center
velocities of the H30α map are indicated in the upper right corners of each panel. The strongest of the compact sources presented in Table 1 (L1, L2, L5 - L9,
L11 - L16) are also identified in the images. The H30α maps are superimposed on the 230 GHz continuum map shown as contours (using the same levels as
in Fig. 1)
.
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Figure 5.Top image: The zeromomentum image of theH30α recombination
line (shown as contours) between −116 and −25 km s−1 superimposed on
the raster image of the first momentum map. Contours represent 0.1, 0.2,
0.35, 0.45, 0.6, 0.8 and 0.95 of 89.5 Jy beam−1 km s−1. The red cross
represents the position of η Car. Bottom image: The maximum flux density
of the H30α line (contours) superimposed on the raster image of the velocity
of the line maximum; contours are 0.1, 0.2, 0.3, 0.4, 0.48, 0.55, 0.65, 0.8
and 0.95 of 2.76 Jy beam−1.
similar velocity obtained with the HST/STIS, presented by Gull et
al. (2016). The authors also reported variations of the optical line
velocity with position, although they had less spatial resolution than
in our ALMA data (i.e., 0.′′1 compared to 50 mas).
More information is obtained from the H30α line maximum
flux density and the velocity of this maximum, which are presented
as contours and raster images, respectively, at the bottom of Figure
5. This representation reveals that some of the enhanced emission
regions in the zero momentum image are due to compact not re-
solved components with very different velocities.
We identified sixteen of these individual components, labeled
L1 to L16; their spectra, integrated over a region of 66mas radius are
presented in Figure 6. Most of them clearly show the superposition
of more than one velocity component.
The absolute position of these sources, continuum and peak
flux densities of the H30α and He30α lines, peak velocity of each
line and HPW of the H line, projected distance D to the compact
continuum source and position angle PA are presented in Table 1.
The minimumHPW (17-18 km s−1) of the lines that are not blended
is of the order of the thermal velocity of a 104 K plasma.
Also shown in Table 1 are the emission measures (EM), which
will be discussed in Section 4.3. They were calculated from the
continuum emission and from and H30α lines, assuming LTE con-
ditions.
3.4 The He30α line
Figure 7 presents the He30α line iso-velocity raster images. The
−56.3 km s−1 image, which correspond to a velocity of −178.3
km s−1 at the frequency of the H30α line, agrees very well with
the continuum image; the strongest emission arises from compact
components coincident with the compact continuum source, but it
is not possible to assess if the emission is really part of the He30α
transition or if it corresponds to the H30α transition with high
negative velocity.
The detection of He30α recombination lines coincident in po-
sition and velocity with both the continuum and narrow H30α line
extended source confirms the presence of an ionizing star of spectral
type O or Of/WN7, with temperature of ∼ 37, 000 K, as suggested
by Verner et al. 2005 and Mehner et al. (2010).
He iiwas detected in the 4686Å line that dramatically strength-
ens during periastron passage (Steiner & Damineli 2004; Abraham
& Falceta-Gonçalves 2007; Davidson et al. 2015; Teodoro et al.
2016). At these epochs, the very fast equivalent width variability
timescale (∼ 1week) indicates that the optical emission comes from
a compact source, not larger than 0.′′5, which coincides with the size
of the He30α image.
3.5 High velocity H30α emission
Figures 8 and 9 present the iso-velocity raster images of the H30α
negative and positive high velocity emission, respectively, inte-
grated over 14.6 km s−1 velocity intervals, superimposed on the
continuumcontourmap. Themaximumflux densities between−205
and−511 km s−1, and 28 and 247 km s−1, are 0.43±0.09 Jy beam−1
at −350 km s−1 and 0.13 ± 0.02 Jy beam−1 at 115 km s−1, respec-
tively.
The negative high velocity emission is concentrated in a com-
pact region, to the south-east of the continuum source and has little
structure, although it resembles the 40 mas Brγ and continuum
images of η Car, obtained with the ESO Very Large Telescope In-
terferometer (VLTI) and the AMBER instrument (Weigelt et al.
2016). The positive high velocity emission arises from a weaker
and more extended region, to the north-west of the compact source.
Figure 10 shows contour maps of the positive and negative
flux densities, integrated over the line profile, between velocities
22 and 250 km s−1 and -590 and -252 km s−1, respectively, super-
imposed on the continuum raster image. The positive and negative
high-velocity emission seem to be aligned with the Homunculus
axis. This can be better seen in Figure 11, where raster images of
the H30α line peak flux density are shown for both negative and
positive velocities, superimposed on the continuum contour map.
Insertswith the raster images of the line peak velocity, superimposed
on contour maps of the peak flux density show that for positive ve-
locities there is a stratified velocity distribution in the north-west
direction, with low positive velocities in the region of the compact
continuum source, extending to 160 km s−1 at the north end, includ-
ing a narrow region in the middle, with 180−200 km s−1 velocities.
The raster images of negative peak velocities do not present any
MNRAS 000, 1–21 (2020)
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Figure 6. Individual spectra of the sixteen regions identified in the first moment image of H30α (L1-L16), integrated over a circle of 66 mas diameter. The
velocities are identified by the color scale shown on the right of the central panel. The numbers on top of the lines represent the peak velocity in km s−1. The
red cross in the image represents the position of the compact continuum source. MNRAS 000, 1–21 (2020)
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Figure 7. Velocity-integrated intensity maps of the He30α emission line, integrated in bins of 1.262 km s−1. All the maps have the same intensity scale (shown
on the right axis of the middle panel). The center velocities, indicated in the upper right corners of each panels, correspond to frequencies centered on the H30α
line. The center velocities, indicated in the upper right corners of each panel, correspond to frequencies centered on the He30alpha line. The He30α maps are
superimposed on the 230 GHz continuum map shown as contours (using the same levels as in Fig. 1). The synthesized beam is shown in the bottom left corner.
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Figure 8. Velocity-integrated intensity maps of the high negative velocity H30α emission line, integrated in bins of 14.6 km s−1. All the maps have the same
intensity scale (shown on the right axis of the middle panel). The center velocities are indicated in the upper right corners of each panel. The H30α maps are
superimposed on the 230 GHz continuum map shown as contours (using the same levels as in Fig. 1). The synthesized beam is shown in the bottom left corner.
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Figure 9. Velocity-integrated intensity maps of the high positive velocity H30α emission line, integrated in bins of 14.6 km s−1. All the maps have the same
intensity scale (shown on the right axis of the middle panel). The center velocities are indicated in the upper right corners of each panels. The H30α maps are
superimposed on the 230 GHz continuum map shown as contours (using the same levels as in Fig. 1). The synthesized beam is shown in the bottom left corner.
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Table 1. Properties of the strongest features embedded in the extended continuum and H30α emission region of the image shown in Fig. 5
Comp. RAa Decb S(cont)c S(H30α) V (H30α) HPW S(He30α) V (He30α)d De PA EM(cont) EM(H30α)
" Jy beam−1 Jy beam−1 km s−1 km s−1 Jy beam−1 km s−1 " ◦ 1010 cm−6 pc 1010 cm−6 pc
C f 3.532 3.980 1.13
L1g 3.508 3.626 0.23 1.23 -49.5 26 0.027 -46‘ 0.4 332.8 7.2 12.2
L2g 3.499 3.731 0.28 1.54 -40.7 27 0.027 -41 0.35 314.9 9.0 15.8
L3g 3.517 3.739 0.18 0.70 -64.7 25 0.022 -47 0.27 334.8 5.0 6.6
L4 3.479 3.747 0.13 0.30 -30.6 32 0.46 300.1 3.9 3.7
L5 3.509 3.840 0.29 1.60 -54.6 20 0.052 -55 0.22 308.8 9.4 12.2
L6 3.508 3.898 0.33 1.44 -55.9 21 0.049 -56 0.20 294.3 10.9 11.5
L7 3.501 4.035 0.38 2.43 -59.6 21 0.038 -56 0.24 256.8 12.9 19.4
L8 3.498 4.097 0.38 2.76 -35.7 18 0.038 -55 0.28 245.6 12.9 18.9
L9 3.491 4.046 0.22 1.43 -58.4 20 0.052 -60 0.32 258.0 6.9 10.9
L10 3.475 4.011 0.22 0.60 -29.3 33 0.030 -30 0.43 265.9 6.9 7.5
L11 3.528 3.782 0.43 1.86 -54.6 30 0.056 -45 0.20 351.3 15.1 21.2
L12 3.539 3.813 0.40 2.70 -34.4 21 0.045 -56 0.18 17.6 13.8 21.6
L13 3.540 3.879 0.34 1.92 -60.9 21 0.061 -60 0.12 31.0 11.3 15.3
L14 3.526 3.918 0.38 2.51 -52.1 17 0.058 -60 0.08 323.8 12.9 16.2
L15 3.532 3.988 0.59 2.25 -55.8 21 0.070 -56 0.01 359.0 23.1 18.0
L16 3.516 3.941 0.29 1.06 -62.1 22 0.056 -56 0.13 287.8 9.4 8.9
a seconds from 10h45m, uncertainty 0.s001
b arc sec from −59◦41′, uncertainty 0.′′001
c Estimated errors: S(cont) = 0.04 Jy/beam, S(H30α)=0.04 Jy/beam, V(H30α)=1 km s−1, HPW=2 km s−1, S(He30α)=0.04 Jy/beam, V(He30α)=1 km s−1
d The HPW of the He30α line is not presented because it is blended with the negative velocity H30α line
eDistance to the compact continuum source
f compact continuum source
gThe three first blobs, L1, L2, and L3 correspond to the Weigelt blobs D, C and B, respectively.
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Raster: continuum.fits 
White contours: momenta_nv1_corrected_0~319.integrated 
Blue contours:     momenta_pv_corrected_0~184.integrated  
Contours: 0.05, 0.12, 0.2, 0.3, 0.4, 0.6 and 0.9 of 65.6 Jy/beam km/s  
Figure 10. Contour map of the positive and negative high velocity H30α
emission, integrated over the line profile between velocities 22 and 250
km s−1 and -590 and -252 km s−1, respectively, superimposed on the contin-
uum raster image. Blue contours represent negative velocities, red contours
positive velocities. The contours are: : 0.05, 0.12, 0.2, 0.3, 0.4, 0.6 and 0.9
of 64.6 Jy beam−1 km s−1.
conspicuous structure, being concentrated between −300 and −350
km s−1.
The combination of blue and red-shifted H30α emission de-
fines the wind emission in the direction of the Homunculus nebula,
that is, perpendicular to the plane of the binary orbit, probably
coincident with the rotation axis of η Car.
Similar velocity and spatial structure were observed byMehner
et al. (2010) in the [Fe iii] λ4659 line, detected with HST /STIS in
the period 1998 to 2004; the line velocity extends from −250 to
−400 km s−1 at the position of η Car, reaching 0.′′1 in the NE-SW
direction and was attributed to the stellar wind at low latitudes. The
lack of a corresponding redshifted emission was attributed to dust
absorption. This structure is exactly what is observed in the H30α
recombination line except that the redshifted emission is present,
although with lower intensity, probably due to absorption by the
optically thick free-free source surrounding η Car, as discussed in
Section 4.2
3.6 The H bar
As mention in Section 3.2, the compact source line profile shows
a weak -100 km s−1 component, blended with the stronger line
centered at -58 km s−1. The iso-velocity images presented in Figure
12 confirm the existence of a single source of emission, to the south-
west of the compact continuum source, with velocities extending
from -130 km s−1 to lower negative velocities, reaching a maximum
fluxdensity of 0.6 Jy beam−1 at -86 km s−1, velocity atwhich it starts
to blend with other components of the extended north-west region.
The -100 km s−1 component can be followed up to lower velocities
in Figure 4, in a different flux density scale, until it disappears at
-72 km s−1.
This structure can be associated with the 1" length Hα bar de-
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Figure 11. Top left: raster image of the high negative velocity line emission zero momentum, integrated between −286 and −357 km s−1, superimposed to the
continuum contour map. Bottom left: the same as top left, but for high positive velocities integrated between 28 and 232 km s−1 .Continuum map contour levels
are the same as in Figure 1. Red squares represent the inserts shown to the figure right. Top right: contour map of the negative high velocity zero momentum,
superimposed to the velocity weighted (first momentum) raster image. Contours are 0.25, 0.4, 0.6 and 0.8 of 0.435 Jy beam−1 km s−1. Bottom right: the same
as top right for high positive velocities. Contours are: 0.2, 0.3, 0.4, 0.6 and 0.8 of 0.132 Jy beam−1 km s−1
tected by Falke et al. (1996) using speckle imaging polarimetry. The
sharp intensity drop found in the polarized optical line in the NW
to SE direction was interpreted as absorption by a dusty equatorial
disk around η Car, with its rotation axis along the major Homuncu-
lus axis (Falke et al. 1996). However, since the H30α line is not
affected by absorption, the asymmetry in the bar seems to be real.
4 DISCUSSION
The high angular resolution of the new ALMA data enabled to
detect extended emission to the north-west of ηCar in the continuum
and the H30α emission line, revealing a large number of compact,
unresolved components with different velocities (Figs. 1, 4 and 6).
A strong unresolved continuum source is observed at the po-
sition of the binary system and high velocity H30α emission is
detected in its spectrum in the direction of the Homunculus axis,
probably associated with the aspherical wind of η Car.
Figure 13 shows a schematic outlining the features detected
in our images. In the next Sections we discuss the nature of the
emission and the physical conditions of the different regions, as
well as their implications on the different models discussed in the
literature.
4.1 The Central Source
The detection of high energy emission by Fermi/LAT and H.E.S.S,
and its variability along the orbital period of η Car (Reitberger et al.
2015; Hamaguchi et al. 2018; Abdala et al. 2020) rise the question
of howmuch of the continuum radio emission is due to non-thermal
synchrotron radiation.
To investigate this question, we calculate the thermal contribu-
tion of the ionized plasma, represented by the H30α line emission,
to the total continuum emission.
First, the spectrum of the H30α line, integrated over a circle
of 90 mas radius centered on η Car, was fitted by five Gaussian
components that represent the negative and positive high velocity
winds (G1 and G5), the He30α line (G2), the H bar (G3), and the
narrow line, possibly resulting from the superposition of the NW
source (G4).
Table 2 presents the peak flux density, the central velocity and
line width of each Gaussian component and Figure 14 shows the
observed spectrum, the fitted Gaussians and the residuals of the
fitting.
The emission measure EML of each component, calculated
from its line, is also presented in Table 2; it was obtained assuming
a plasma with electron temperature Te of 104 K, optically thin to the
H30α line radiation, which has a maximum brightness temperature
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Figure 12. Velocity-integrated intensity maps of the -100 km s−1 component of the H30α emission line, integrated in bins of 1.262 km s−1. All the maps have
the same intensity scale (shown on the right axis of the middle panel). The center velocities are indicated in the upper right corners of each panels. The H30α
maps are superimposed on the 230 GHz continuum map shown as contours (using the same levels as in Fig. 1). The synthesized beam is shown at the bottom
left corner.
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Figure 13. Schematic showing the different features detected in the contin-
uum and H30α images of η Car
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Figure 14. H30alpha spectrum of the central source (integrated over a 90
mas radius region) and the five individual Gaussian components fitting the
line (see text).
TL:
TL = 1.92 × 103
(
Te
K
)−1.5 ( EML
cm−6pc
) (
∆ν
kHz
)
, (1)
where ∆ν is the line width in kHz. The brightness temperature TL
is related to the measured flux density SL by:
SL =
2kTLν2L
c2
Ω, (2)
where νL is the central frequency of the line,Ω the solid angle of the
source and c the speed of light.The solid angle is calculated from:
Ω = pi
θmajθmin
4 ln 2
, (3)
where θmaj and θmin are twice the major and minor axis of the
ellipse that represent the source (in our case both equal to 180 mas).
The emission measure necessary to explain the continuum
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Figure 15. Physical parameters of homogeneous spheres that fit the contin-
uum flux density and maximum in the H30α line profile of blobs L1 and
L14. Top: electron density Ne vs. source diameter; middle: electron temper-
ature Te vs. electron density Ne; bottom: ratio of NLTE to LTE maximum
flux density
emission, EMc assumed to be of free-free origin, is obtained from
the opacity τ:
τ = 3.014 × 10−2
(
Te
K
)−1.5 ( ν
GHz
)−2 ( EMc
cm−6pc
)
< gf f > (4)
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Table 2. Parameter of the five Gaussian components fitting the H30alpha
emission line.
Name VL SL ∆v EM
km s−1 Jy km s−1 1011 cm−6pc
G1 -332.5 1.34 217.6 1.02
G2 -168.3 0.64 58.1 0.41
G3 -93.8 2.03 57.8 0.53
G4 -60.1 5.51 27.6 0.50
G5 83.9 0.56 254.0 0.13
with
< g f f >= ln
[
4.955 × 10−2
( ν
GHz
)−1]
+ 1.5 × ln
(
Te
K
)
(5)
The opacity τ is obtained from the observed flux density Sc:
Sc =
2kTeν2
c2
(
1 − e−τ ) Ω. (6)
FromTable 2 we find that the total emissionmeasure necessary
to account for the line intensity is 2.59 × 1011 cm−6pc, while that
necessary to explain the continuum is 2.46 × 1011 cm−6pc, show-
ing that all the continuum emission can be explained by thermal
processes, at least during the orbital phases in which the stars are
farther apart. During the 2003.5 periastron passage, Abraham et al.
(2005) found, in single dish daily observations, a 1 Jy increase in
the 7 mm continuum lasting for a week, which they attributed to
emission from the shocked region formed by the colliding winds.
More high resolution data at different orbital phases of the binary
system are needed to confirm this assumption.
4.2 The high velocity winds
The contribution of the η Car wind to the total continuum emission
can be obtained by dividing the emission measure calculated from
its spectral lines G1 and G5, presented in Table 2, by the emission
measure derived from the total spectrum.
Even if we exclude the strong narrow line, the remaining H30α
line profile of the compact source differs from the 0.′′15 resolution
Hδ profiles obtained by Nielsen et al. (2007) with theHubble Space
Telescope Space Telescope Imaging Spectrograph (HST/STIS) dur-
ing a complete binary cycle, which show smooth lines centered at
approximately the systemic velocity of η Car and extending to ±500
km s−1. As the continuum spectrum reported in Paper I presents
characteristics of a compact H ii region that becomes optically thin
(τ ∼ 1) around 300 GHz, the asymmetry in the high velocity H30α
spectrum can be attributed to absorption, if part of the material that
produces the positive velocity line is behind the continuum source.
Therefore, we consider that the total wind emission is twice the
value of the blueshifted component flux density and compare it to
the theoretical value expected from free-free emission of an ionized
wind (Panagia & Felli 1975):
Sν(wind) = 5.12
[ ν
10 GHz
]0.6 [ Te
104K
]0.1 [ ÛM
10−5Myr−1
]4/3
×
[
v∞
103 kms−1
]−4/3 [ d
kpc
]−2
(7)
Using 10−3 M yr−1 for themass loss rate ÛM and 500 km s−1 for the
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terminal wind velocity v∞ we obtain Sν(wind) = 7.4 Jy. The value
derived from the observations is 3.7 Jy, smaller than the theoretical
value. The reason is that because of the fast rotation of η Car, its
wind is aspherical and the mass loss rate and velocity depend on
latitude θ (Dwarkadas & Owocki 2002) as:
ÛM(θ) = ÛM(90◦)
[
1 − ω2 cos2(θ)
]
(8)
v∞(θ) = v∞(90◦)
[
1 − ω2 cos2(θ)
]1/2
, (9)
ω is the rotation velocity of η Car relative to the critical value of
(GM/R3)1/2, whereG is the gravitational constant and M and R its
mass and radius.
Taking into account that the wind is not isotropic, the observed
terminal velocity is the projection of the real terminal velocity into
the line of sight. Assuming that the rotation axis of η Car coincides
with the Homunculus axis, the true terminal velocity is ∼ 700 km
s−1, compatible with the values measured by Smith et al. (2003a).
The effect of including the latitude dependence of the mass loss rate
and wind velocity assuming ω = 0.9 is to decrease the expected
flux density by 67%, while the increase in the terminal velocity
will decrease it by 63%, resulting in an expected flux density from
the wind of 3.2 Jy, in agreement with the 3.7 Jy derived from the
observations.
The radius Rv at which half of the wind continuum radiation
is emitted was also derived by Panagia & Felli (1975):
Rν(wind) = 6.23 × 1014
[ ν
10 GHz
]−0.7 [ Te
104K
]−0.45
×
[
]
ÛM
10−5Myr−1
]2/3 [
v∞
103 kms−1
]−2/3
cm
(10)
Using this expression we find the extension of the wind in the
directions of the Homunculus axis is ∼ 130 AU or ∼ 60 mas, in
agreement with the observations presented in Figure 10.
The critical value of the mass loss rate that can be fully ionized
by η Car was calculated by Morse et al. (1998) as 3.3 × 10−4M
yr−1; since the value inferred from the spectra is smaller than that
attributed to η Car, the ionizing front must be trapped inside the
wind. Although it is possible that the dense base of the wind is
ionized by collisions or by Balmer continuum photons, as discussed
byNatta&Giovanardi (1991), it is still necessary to add the ionizing
photons of the companion star to account for the ionization of the
extended NW region. This raises the question of the position of the
companion star relative to η Car during the ALMA observations.
Although the observations were obtained close to apastron, single
dish observations during the complete orbital period show free-
free emission during all the cycle, except for a few month during
periastron passage, implying that the ionizing photons reach the
region during all this time. The same behavior was observed at
lower frequencies and larger distances by Duncan & White (2003),
meaning that the ionizing front reaches also the little Homunculus
and maybe the surrounding torus or disk. For these reasons we
believe that the relative position of the stars along the orbit cannot
be fully derived from the ALMA data, but can be better determined
by the observed and modeled position of the fossil material left by
the wind-wind collision zones.
4.3 The physical parameters of the NW compact regions
The spectrum of the NW extended region is dominated by the very
strong and narrow H30α recombination line. Previous non-resolved
ALMA observations (Paper I) of the recombination lines H42α,
H40α, H30α, H28α, and H21α, and their respective continuum
were modeled as a homogeneous expanding ionized shell of about
0.′′2 radius and 0.′′02 width, with an electron density ne = 1.3×107
cm−3 and a temperature Te = 1.7 × 104 K.
The size of the shell agrees with the present observations and
its width is smaller than the HPBW, but the velocity distribution
shown in Figure 6 is not compatible with that of an expanding shell;
instead the velocities of the different compact components seem to
follow a random pattern.
In Table 1 we present the EMs of the compact components
inferred from the line profiles assuming LTE conditions and their
sizes equal to the beam size, and also the EMs inferred from the
underlying free-free continuum; equations 1-6 were used in the
calculations. In most of the sources, the EM derived from the lines
is larger than that derived from the continuum, a clear sign of NLTE.
To investigate the physical conditions of the observed indi-
vidual non resolved sources, we assume that they are homogeneous
ionized spheres, with diameterD smaller than theHPBW.We solved
the NLTE transfer equations as in Paper I and determined the com-
bination of Te, ne and D values necessary to match simultaneously
the observed continuum flux density and maximum line intensity,
as presented in Table 1. We modeled two components, L1 and L14,
because each one of them seems to arise from a single velocity re-
gion. We first selected a value for the diameter and three values for
Te : (1.0, 1.1 and 1.2)×104 K, and determined the values of ne nec-
essary to match the observed continuum flux density, obtaining the
values of the line maximum flux density.We then obtained, by inter-
polation, the values of Te and ne for which the model and observed
line flux density coincide. We repeated the procedure for different
values of the source diameter; the results are presented in Figure
15, with the combinations of ne vs. D in the top panel, Te vs. ne in
the middle and the line amplification, represented by the ratio of the
NLTE to LTE maximum line intensity in the bottom. The values of
ne are compatible with what was found in Paper I although Te is
somehow smaller, more compatible with the temperature expected
in a compact H ii region.
For both sources and for all the physical conditions presented
in Figure 15, the turnover frequency of the continuum spectrum
(where τ ∼ 1) is very close to the frequency of observation. This
is consistent with the spectrum between 90 and 670 GHz measured
with ALMA during Cycle 0 (Paper I).
The mass of the model sources vary between 0.9 and 3.0×10−5
M for L1 and 1.8 and 4.0×10−5 M for L14, for increasing values
of D. Considering that all the compact sources have similar masses,
we obtain a total mass for the extended region of 10−4−10−3 M . A
similar result was obtained using the mean density of the extended
region necessary to reproduce the observed continuum flux density
(ne = 2.8 × 106 cm−3 for D = 1.8 × 1016 cm).
4.4 Comparison with observations at other wavelengths
The detection of a large number of compact (< 60 mas) sources
within 0.′′6 to the north-west of η Car, emitting in the 230 GHz
continuum and in the H30α and He30α recombination lines, with
densities and temperatures of the order of 107 cm−3 and 104 K,
as estimated in the previous subsection, must be analyzed in the
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context of previous observations of the same region at different
wavelengths and with similar resolutions.
The region, labeled by Chesneau et al. (2005) the "Weigelt
Complex", was intensively studied since the discovery, using
speckle interferometry techniques, of compact sources (< 30 mas)
at distances smaller than 0.′′3 from η Car (Weigelt et al. 1995; Hof-
mann & Weigelt 1988). The brightest sources besides source A,
identified with the star, were labeled "Weigelt blobs" B, C, and D;
they present narrow permitted lines of H, He and Fe ii, and forbidden
lines of [N i], [Fe ii], [Ne iii], [Fe iii], and other ions, with heliocen-
tric velocities in the range of -45 to -48 km s−1 and FWHM of about
22 km s−1 (Davidson et al. 1995, 1997). The UV to IR spectra of the
Weigelt blobs is also affected by resonance fluorescence, occurring
specially in the Fe ii lines, but also in O i, Cr ii, Fe iii, and Ni ii. In
these ions, the upper energy levels are overpopulated because of
energy coincidence with H i Lyα photons (Johansson et al. 2000;
Johannson & Letokhov 2001; Johansson et al. 2005). The existence
of these transitions imply that the Lyα photons must be local.
The physical conditions of the regions that present spectra of
low ionization elements was estimated from emission models as
ne ∼ 106 cm−3 and Te ∼ 7000 K (Verner et al. 2002). Models
of spectra of high ionization elements and high excitation lines, on
the other hand, require photoionized regions of H+ and He+ with
densities and temperatures of 107 cm−3 and 104 K (Verner et al.
2005; Mehner et al. 2010). The narrow line spectra of the high
ionization elements show also strong dependence on the phase of
the binary orbit, disappearing completely during the spectroscopic
events, while the lines of the low ionization elements, like those
of [Fe ii] remain visible, and are even enhanced (Johansson et al.
2000; Smith et al. 2004; Hartman et al. 2005; Nielsen et al. 2007;
Mehner et al. 2010; Hamann 2012; Remmen, Davidson & Mehner
2013; Gull et al. 2016).
The nature of the Weigelt blobs was explained by different
models, which were modified as new observational evidences be-
came available. The first models assumed that the blobs are formed
by neutral H, extending from the ionizing O type supergiant or
WR star to distances of 0.′′3 or more; as a consequence, the high
ionization elements are found in an extended region close to the ion-
izing source while the low ionization material populates a narrow
region at the surface of the blobs (Verner et al. 2002; Johannson
& Letokhov 2001). This model was contested by Remmer et al.
2013, because the ions with higher ionization energy were observed
at larger distances from the star. A new qualitative model, similar
to that proposed by Smith et al. (2004), assumed that the blobs
are dense condensations of low ionization material, with its surface
ablated by photoionization, and that the evaporated material, now
highly ionized,moves outward around the condensation, accelerated
by radiative forces.
Another constrain for the models came from the infrared ob-
servations obtained with the ESO/VLT Adaptative Optics system
NACO and narrow band filters centered at the wavelengths of the
H Pfγ and Brα lines, which showed Weigelt blobs C and D clearly
resolved. These observations were interpreted as evidence of the
existence of dust inside the blobs (Chesneau et al. 2005). However,
comparison of the 3.74 µm (Pfγ) image with red continuum images
of the blobs presented by Morse et al. (1998) did not show perfect
spatial coincidence at both wavelengths, which raised the possibil-
ity that the blobs are part of a larger region that become visible
only where the dust absorption is lower. In fact, dust grains can
condensate at the location of the Weigelt blobs (Falke et al. 1996).
Davidson et al. (1997) estimated the grain temperature at this site to
be ∼ 1000 K. However, the presence of the 104 K source detected
by ALMA will probably destroy the grains, if present.
The ALMA observations reported in this paper show the ex-
istence of compact fully ionized regions, with densities and tem-
peratures similar to those necessary to explain the spectra of low
and high ionization elements in the Weigelt Complex, as well as
the high excitation lines. Their radial velocities are also similar to
those of the UV-IR lines, considering that the former are relative to
the LSR while the latter are heliocentric, and there is a difference
of -11.6 km s−1 between them. All these considerations suggest the
identification of the compact radio sources with the UV to IR blobs
in the Weigelt Complex.
It should be pointed out that it is the high velocity resolution of
the ALMA observations that allowed the identification of compact
sources, otherwise, they would appear as larger condensations of
matter with a wider velocity profile, as observed by Remmer et al.
2013. In a similar way, the UV to IR spectra of the blobs show
that the lines of different elements originate in different positions
and can have different velocities (Smith 2004), and therefore are
probably formed in different compact radio sources.
There is still a question that remains to be treated: the existence
of dust in the center of the Weigelt blobs, as suggested by the IR ob-
servations of Chesneau et al. (2005). Analysis of these observations
show that the Weigelt blobs were only conspicuous in the narrow
filters with central wavelengths coincident with the hydrogen lines
Pfγ and Brα; the Pfγ line was calibrated, resulting in a flux density
of 520 ± 70 Jy for the central source, identified as η Car, and lower
flux densities for the other detected blobs. Based on the ALMA ob-
servations, we claim that the observed emission comes from the Pfγ
H line instead of dust. To support this assumption we calculated the
expected Pfγ line flux density S(Pfγ) of one of our typical compact
sources, by scaling the emissivity coefficients  of the H30α and
Pfγ transitions, for ionized H density of 107 cm−3 and temperature
104 Kgiven by Storey&Hummer (1995). The resulting flux density
of the Pfγ line is given by:
S(Pfγ) = (Pfγ)
(H30α)
ν(H30α)
ν(Pfγ) S(H30α) (11)
The ratio of the emissivity coefficients is 8.7 × 103, and the flux
density of the H30α line is S(H30α) ∼ 2 Jy, for a source of 50
mas diameter, resulting in an expected flux density of 47 Jy for the
Pfγ emission of the compact radio source. Considering that there
can be a superposition of sources in the 100 mas beam of the IR
observation, we find S(Pfγ) = 190 Jy for the IR blob, showing that
the observed IR emission can be explained by H line emission, and
that the presence of dust emission is not required.
A complementary argument is obtained from the excellent
agreement between the structures seen in the 230 GHz continuum
and in the Brα images in Figure 2. Since the images obtained with
wider filters, which are dominated by dust emission, do not show
these structures, we conclude that the dust is located between the
compact regions and the observer, shielded from the UV radiation
necessary to sustain the ionized plasma detected in the ALMA
observations. The existence of this gas layer is corroborated by
the absorption of CO and HCN in front of the continuum source
detected by Bordiu & Rizzo (2019) at 345 GHz.
4.5 The Weigelt blobs
In the previous subsection we identified the compact radio sources
with the UV-IR blobs seen in the Weigelt Complex.
The origin and evolution of these blobs is not clear; Davidson
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et al. (1997), Smith et al. (2004) and Dorland et al. 2004, studied
the proper motions of Weigelt blobs C and D, and attributed them
to ejections that occurred some time between 1910 and 1941.
In order to determine more accurately the ejection epochs of
the blobs and their propermotions, we used theirmeasured positions
at previous epochs to estimate their probable position at the epoch
of our observations. We were able to identified blobs C and D
with the compact sources L2 and L1, with position angles 315◦
and 333◦, respectively. We tentatively identified Weigelt blob B
with L3, although it was only present in the Weigelt & Ebersberger
(1986) observations. Their positions relative to η Car are shown
in Figure 16. The velocities, obtained from a linear fitting of their
positions are 6.2 ± 1.6 mas yr−1, 6.0 ± 1.6 mas yr−1 and 5.7 ± 2.3
mas yr−1, for blobs D (L1), C (L2) and B (L3), respectively. The
linear velocity corresponding to an angular velocity of 6 mas yr−1
is 67 km s−1, similar to the Weigelt blobs radial velocities. The
ejection epochs obtained from the linear fitting are 1952.6, 1957.1
and 1967.6, respectively. In the upper part of Figure 16 we also
show the epochs of minimum in the high excitation line intensities,
presumably related to periatron passage: 1953.6, 1959.1, 1964.6
and 1970.2, corresponding to cycles 2, 3, 4 and 5 according to
Damineli et al. (2008), considering that the first spectroscopic event
was reported by Gaviola (1953). In the lower part of the Fig. 16
we show the position of the Weigelt blobs relative to the central
continuum source, with vectors indicating the direction and the
relative magnitude of their velocities in the plane of the sky. We
conclude that the Weigelt blobs were ejected close to periastron
passage during the firsts spectroscopic events. It is possible that the
other compact sources observed in the H30α line image, closer to η
Car, were ejected later, and if so, their evolution should be measured
in future observations.
From the radial velocities and proper motions, we calculate the
angles of the D, C and B blob’s trajectories relative to the plane of
the sky as 35.◦0+10
◦
−6◦ , 31.
◦2+9
◦
−6◦ and 45.
◦5+14
◦
−9◦ , all of them compatible
with the position of the equatorial plane of the Homunculus nebula.
The observed angular velocities are larger than those derived
previously by other authors (Davidson et al. 1997; Smith 2004;
Dorland et al. 2004); the reason is the larger time span in our
observations. Of course, this result depends on the accuracy of
the identification of the Weigelt blobs with the compact sources
detected by ALMA, but unless the blobs had already vanished,
the only sources in the data with position angles and distances
compatible with those of the blobs are L1, L2 and L3.
4.6 HCO+ or H40δ emission line?
Bordiu & Rizzo (2019) reported ALMA observations of CO, HCN
and HCO+ in the direction of η Car. The molecular gas, as traced
by the CO(3-2) and HCN(4-3) emission lines, is seen in a disrupted
2" torus surrounding the binary system (see also Smith et al. 2018).
In contrast, the HCO+(4-3) emission line is also detected in an
asymmetric, extended structure north-west of the star, that coin-
cides precisely with that of the 230 GHz continuum and H30α line
emission described in this paper. This spatial coincidence and the
fact that the presence of HCO+ is unexpected in a highly ionized
gas led us to explore further the nature of this emission line and see
if it could be instead a hydrogen recombination line.
The rest frequency of the HCO+(4-3) line is 356.734 GHz;
the nearest hydrogen recombination line is H40δ, with a rest fre-
quency of 356.658 GHz. Considering the difference in frequencies,
if the line observed by Bordiu & Rizzo (2019) were H40δ, the cor-
responding velocity would be -63.7 km s−1, coincident with the
velocity of the extended region. This coincidence strongly suggests
that the 356.7 GHz emission line, outside the 2" torus is the H40δ
recombination line.
To support this suggestion, we calculated the intensity of the
H40δ line in the compact sources L1 and L14, as it was done for
the H30α line. The resulting flux densities are presented in Figure
17 as a function of the source diameter, for the same combination
of electron densities and temperatures necessary to fit the 230 GHz
continuum and H30α lines. The brightness temperatures are also
presented in the figure, showing that the profile of the line detected
by Bordiu & Rizzo (2019) can be explained by the superposition of
the line profiles of the compact sources with different velocities as
detected in the H30α line.
Although the calculations were made assuming NLTE, the line
intensities show that the population is in LTE. We can notice the
similarity of the -54.6 km s−1 image in our Figure 4 with that
of Figure 4 of Bordiu & Rizzo (2019). The only difference is the
intensity of components L14 and L15, which are much stronger in
the H30α line. This is consistent with the fact that those lines are
amplified by NLTE effects in the H30α lines.
Based on the spatial coincidence of the emissions of the H30α
and the 356.7 GHz emission line reported by Bordiu&Rizzo (2019)
and the results of the above analysis, we conclude that the emission
line centered at the position of the binary system is the H40δ re-
combination line.
5 CONCLUSIONS
In this paper, we report on new ALMA high-angular resolution
observations of the H30α and He30α recombination lines and the
underlying continuum of the 0.′′8×0.′′8 central region of η Car. The
unprecedented angular resolution of 50 mas (or 110 AU) allowed
us to explore the extended emission north-west of the binary star
tracing the most recent mass-loss history. The main findings based
on these new observations are as follows.
1. The 230 GHz continuum, H30α and He30α recombination
line images of η Car were resolved with the 0.′′065 × 0.′′043 beam
obtained using ALMA in the extended configuration. The contin-
uum image consists of a structureless core of 0.′′12HPWandweaker
emission extending over ∼ 0.′′6 in the NW direction that presents
several regions of enhanced emission.
2. The spatially integrated spectrum is similar to that obtained
in Paper I, with a strong H30α narrow line centered at −58 km s−1
and much weaker extended emission at higher negative and positive
velocities. The narrow line is much weaker in the spectrum inte-
grated over the compact continuum source. The He30α line is also
detected in both spectra.
3. The high quality ALMA data allowed us to extract images
of the H30α line emission with 1.262 km s−1 velocity resolution,
revealing that maximum emission in different regions occurs at
different velocities. Sixteen compact sources with well defined ve-
locities were identified; their spectra, when not blended, have HPW
of ∼ 20 km s−1, compatible with the thermal velocity of 104 K
plasma. Three of these sources (L3, L2, and L1) were identified
with Weigelt blobs B, C, and D, respectively.
4. The H30α recombination line profiles of the non-resolved
sources and their underlying continuum flux densities were repro-
duced assuming homogeneous spheres of ionized gas in NLTE,
with densities and temperatures characteristic of compact H ii re-
gions (107 cm−3 and 104 K, respectively). These compact sources
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probably represent the UV to IR blobs observed in the Weigelt
Complex.
5. The high negative velocity line emission arises from a com-
pact source SE of ηCar, while the positive velocity emission extends
in the NW direction. Both seem to be aligned with the Homunculus
axis and to arise from the stellar wind enhanced in the polar axis of
the fast rotating η Car.
6. We also detected concentrated emission at the velocity of
about −100 km s−1, corresponding to the "bar" in the Hα speckle
polarimetric observations of Falke et al. (1996).
7. For the three compact sources in the H30α images that
correspond to the Weigelt blobs D, C and B we determined the
proper motions to be about 6 mas yr−1 and their ejection epochs
1952.6, 1957.1 and 1967.6, respectively, close to the epochs of
periastron passage.
8. The striking similarity between our images of the extended
region, in the continuum and in the narrow H30α line, and those
of the 345 GHz continuum and the emission line reported by Bor-
diu & Rizzo (2019) that they attributed to HCO+(4-3), led us to
investigate the possibility that the observed line is instead a recom-
bination line. The frequency of this line is indeed very close to
that of the H40δ recombination line and, would in this case, be
at a velocity of -64 km s−1, which corresponds to the velocity of
the NW extended emission region. Based on this identification, we
modeled the compact regions detected in our observations and were
able to reproduce the intensity of the line observed by Bordiu &
Rizzo (2019), supporting our interpretation that this emission line
is indeed H40δ.
Future high-angular resolution observations using ALMAwill
be able to measure the proper motions of all the compact sources
detected in this work, and also the effect of periastron passage on
their continuum flux density and spectra.
6 DATA AVAILABILITY
The data underlying this article are available in
ADS/JAO.ALMA#2017.1.00725.S
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